Connexin43 (Cx43) assembly and degradation, the regulation of electrical and metabolic coupling, as well as modulating the interaction with other proteins, involve phosphorylation. Here, we identified and characterized the biological significance of a novel tyrosine kinase that phosphorylates Cx43, tyrosine kinase 2 (Tyk2). Activation of Tyk2 led to a decrease in Cx43 gap junction communication by increasing the turnover rate of Cx43 from the plasma membrane. Tyk2 directly phosphorylated Cx43 residues Tyr-247 and Tyr-265, leading to indirect phosphorylation on residues Ser-279/Ser-282 (MAPK) and Ser-368 (PKC). Although this phosphorylation pattern is similar to what has been observed following Src activation, the response caused by Tyk2 occurred when Src was inactive in NRK cells. Knockdown of Tyk2 at the permissive temperature (active v-Src) in LA-25 cells decreased Cx43 phosphorylation, indicating that although activation of Tyk2 and v-Src leads to phosphorylation of the same Cx43CT residues, they are not identical in level at each site. Additionally, angiotensin II activation of Tyk2 increased the intracellular protein level of Cx43 via STAT3. These findings indicate that, like Src, Tyk2 can also inhibit gap junction communication by phosphorylating Cx43.
Gap junctions are integral membrane proteins that enable the direct cytoplasmic exchange of ions and low molecular weight metabolites (Ͻ1 kDa) between adjacent cells. They provide an intercellular pathway for the propagation and/or amplification of signal transduction cascades triggered by cytokines, growth factors, and other cell-signaling molecules involved in growth regulation and development. Gap junctions are formed by the apposition of connexons from adjacent cells, where each connexon is formed by six connexin proteins. Connexins are tetraspanning transmembrane proteins with intracellular N and C termini (CT). 2 There are 21 human isoforms, and although there is significant sequence homology among connexins, their major divergence occurs in the cytoplasmic domains. Connexin43 (Cx43), the most ubiquitously expressed connexin isoform, has been well studied in terms of structure, function, and regulation (1) .
Cx43 channels can be regulated by a variety of molecules and physiological conditions (e.g. Ca 2ϩ , pH, and intercellular voltage), including through phosphorylation (2, 3) . All stages of the Cx43 life cycle (i.e. trafficking, assembly/disassembly, degradation, and channel gating (3)), as well as the regulation of electrical and metabolic coupling and of interactions with other proteins, involve phosphorylation. The Cx43CT is differentially phosphorylated on at least 20 residues, and significant progress has been achieved in characterizing the kinases involved (2, 4 -6) . Unfortunately, an understanding of the mechanism(s) by which Cx43 phosphorylation alters channel function is lacking. Several problems contributing to this difficulty include the transient nature of a particular CT phosphorylation state, the ability of many kinases to phosphorylate more than one CT residue, the ability of various kinases to phosphorylate the CT at the same time, and the inability to precisely control which residues are phosphorylated. Strategies employed to overcome these difficulties include the use of phospho-specific CT antibodies (7) and short CT phosphopeptides (8, 9) . Also well appreciated is the use of Asp (or Glu) substitutions as a mimetic for phosphorylation (10, 11) .
The negative charge of the phosphate could affect the permeability of ions through the pore, alter the structure of the transmembrane ␣-helices to influence pore size, or modify the binding affinities of molecular partners involved in Cx43 regulation. Notably, if phosphorylation modifies protein interactions to affect the kinetics of channel assembly/disassembly or degradation, cell-to-cell communication will also be altered. Evidence has emerged that a phosphate can directly block the Cx43CT interaction with ZO-1 (9) and tubulin (8) or enhance the interaction with Nedd4 (12, 13) . This information is critical because a particular cellular condition can be correlated with a specific Cx43 phosphorylation status to understand which proteins will and will not interact to affect regulation of Cx43. Numerous serine protein kinases have been identified as directly phosphorylating Cx43 (for review see Ref. 4) ; however, tyrosine-protein kinases have been limited to the well studied cases involving c-and v-Src-induced phosphorylation (14 -18) . In this study, we identified Cx43 as a novel substrate of tyrosine kinase 2 (Tyk2).
Tyk2, a JAK family member, is a ubiquitously expressed nonreceptor tyrosine kinase. Tyk2 associates with the intracellular domains from a wide range of cytokine and growth factor receptors via its N-terminal FERM and SH2-like domains (19 -21) . This leads to recruitment and phosphorylation of STATs (22) , which translocate to the nucleus where they induce transcription of genes involved in diverse biological processes (e.g. cellular proliferation and differentiation, inflammation, and defense against infection (23, 24) ). Patients with nonfunctional Tyk2 display a number of immunodeficiency conditions and increased susceptibility to infections caused by defects in IFN␣/␤, IL-6, IL-10, IL-12, and IL-23 signaling (25) . Tyk2-deficient mice display reduced responses to IFN␣/␤ and IL-12 and a deficiency in STAT3 activation (26) . The Tyk2/STAT3 axis has also been implicated in the induction of neuronal death in Alzheimer disease (27) , as a biomarker for Crohn's disease (28) , and in controlling allergic asthma (29) . Marrero et al. (30) first showed that angiotensin II (Ang II) induces Tyk2 activation in rat aortic smooth muscle cells, a finding verified in other studies (31) (32) (33) (34) . The renin-angiotensin system (RAS) is a key signaling pathway associated with the pathogenesis of cardiovascular disease (35, 36) . Increased Ang II levels are linked with an increased risk of ventricular arrhythmia, and treatment with angiotensin-converting enzyme (ACE) inhibitors has demonstrated survival benefits in congestive heart failure and myocardial infarction (37) (38) (39) . A transgenic mouse model of RAS activation by overexpression of ACE restricted to the heart (ACE8/8) has normal ventricular structure; however, it exhibits cardiac oxidative stress, a high incidence of ventricular tachycardia, and subsequent sudden cardiac death. With no significant change in the Na ϩ current, these observations were associated with down-regulation of Cx43 gap junction intercellular communication GJIC (40) . Altered cardiac Cx43 protein level and change in cellular localization also have been observed in other models of RAS activation (hypertension, hypertrophy, and mechanical stress (41) (42) (43) (44) ). Here, we provide evidence of a relationship between Tyk2 activation by Ang II and Tyk2 phosphorylation of Cx43. Tyk2 decreased gap junction stability at the plasma membrane and, through STAT3 activation, increased the intracellular protein level of Cx43.
Results

Tyk2 Directly Interacts with and Phosphorylates the Cx43CT
Domain-Src is the only known tyrosine kinase to both directly phosphorylate the Cx43CT domain (pTyr-247 and pTyr-265) and affect GJIC (45, 46) . However, proteomic discovery mode mass spectrometry (MS) data identify other tyrosine residues (Tyr-267, Tyr-286, Tyr-301, and Tyr-313) as potential phosphorylation targets (see PhosphoSitePlus Website). Unfortunately, the kinases involved were not identified, and neither was the functional significance of phosphorylation at these sites. In this study, we focused on the JAK family of tyrosine kinases because of the potential direct link between Cx43 and RAS in the pathogenesis of cardiovascular disease (35, 36, 47, 48) . An in vitro tyrosine phosphorylation screen performed by Eurofins Scientific (KinaseProfiler) found that Tyk2 phosphorylated purified Cx43CT 236 -382 ( Fig. 1A ). JAK1 and JAK2, also JAK family members, had significantly less ability to phosphorylate the Cx43CT domain (JAK3 was not tested because it is not expressed in the heart). To confirm the interaction between Cx43 and Tyk2, purified GST-tagged Cx43CT 236 -382 was immobilized on glutathione-Sepharose beads, and lysate from MDA-MB-231 cells that express Tyk2 (but not Cx43) was used in a pulldown assay ( Fig. 1B ). Tyk2 can be pulled down by GST-Cx43CT but not GST in MDA-MB-231 cells. Src was used as a positive control.
Identifying the Cx43CT Tyrosine Residue(s) Phosphorylated by Tyk2-Purified Cx43CT 236 -382 was incubated in vitro with active Tyk2 (p-Tyk2, Life Technologies) as described previously (49, 50) , and phosphorylation was confirmed using an anti-phosphotyrosine antibody ( Fig. 2B ). After trypsin digestion, Tandem MS/MS identified phosphorylation at Tyr-247, Tyr-265, Tyr-267, and Tyr-313 ( Fig. 2A and Table 1 ). To confirm that tyrosine phosphorylation can occur at residues other than Tyr-247 and Tyr-265, the in vitro kinase assay was performed using the Cx43CT 236 -382 (Y247,265F) (2YF) construct, and phosphorylation was detected with an anti-phosphotyrosine antibody (Fig. 2B ). The data indicate that although a majority of Tyk2 phosphorylation occurs on Tyr-247 and Tyr-265 (of note, Tyr-247 and Tyr-265 phospho-specific antibodies will be used in the next sections to further characterize these sites), other tyrosine sites (i.e. Tyr-267 and Tyr-313) can be phosphorylated by Tyk2 in vitro. 
Tyk2 Phosphorylates Cx43 Residues Tyr-247 and Tyr-265
Leading to Decreased Stability of the Gap Junction Plaque in Normal Rat Kidney (NRK) Epithelial Cells-To determine whether Tyk2 phosphorylation of Cx43 occurs in cells, we initially tested in NRK cells if Cx43 (endogenously expressed) and Tyk2 (not expressed; transiently transfected with a constitutively active construct, Tyk2 V678F ) colocalize ( Fig. 3 ). The images suggest little to no colocalization in NRK cells that overexpress active Tyk2. However, in those same NRK cells, Cx43 was significantly decreased at the plasma membrane. The data suggest that over-expressing active Tyk2 leads to the internalization of Cx43 from the plasma membrane.
Next, the tyrosine phosphorylation levels were evaluated in NRK cells using the only available Cx43 tyrosine phospho-specific antibodies, pTyr-247 and pTyr-265 ( Fig. 4 ). Constitutively active Tyk2 increased both Tyr-247 and Tyr-265 phosphorylation levels as compared with controls (non-transfected cells). Importantly, the presence of active Tyk2 did not activate Src. Because MAPK and PKC have been reported to phosphorylate Cx43 to down-regulate Cx43 GJIC in response to active Src in different cell lines (51, 52) , we investigated whether Tyk2 also indirectly affects serine phosphorylation. Cx43 serine phosphorylation levels were evaluated using phosphoserine-specific antibodies to pSer-279/pSer-282 (MAPK target) and pSer-368 (PKC target). pSer-279/pSer-282 and pSer-368 levels were upregulated in the presence of active Tyk2. Finally, although the amount of Cx43 at the plasma membrane decreased (Fig. 3A ), active Tyk2 directly or indirectly caused an overall increase in the total amount of Cx43. Numerous studies have shown that differentially phosphorylated Cx43 results in multiple electrophoretic isoforms: a fast migrating isoform (P0) and multiple slower migrating isoforms (P1 and P2) (2, 53, 54). In particular, FIGURE 2 . Identification of the Cx43CT tyrosine residues phosphorylated by Tyk2. A, sequence of the Cx43CT domain. The Cx43CT tyrosine residues identified from mass spectrometry to be phosphorylated by the Tyk2 catalytic domain in vitro are highlighted (bold and underlined). B, the same in vitro kinase assay as described in A was performed using wild-type Cx43CT 236 -382 or a Y247,265F (2YF) mutant as substrate, and phosphorylation was detected by Western blotting using a general anti-phosphotyrosine antibody. The control (Ctrl) group did not contain Tyk2. The phosphotyrosine level was quantified using ImageJ software (n ϭ 3, **, p Ͻ 0.01). the P2 isoform has been found at the stage of gap junctional plaques. Consistently, Western blotting analysis (here and next sections) showed an increase in the lower migrating P0 and P1 isoforms of Cx43 in the presence of active Tyk2.
Cx43 gap junction channels are localized in detergent-insoluble junctional plaques (55, 56) . To confirm that the increased amount of Cx43 does not lead to an increase in the amount of Cx43 at junctional plaques, we assessed the level of Triton X-100 detergent solubility. The detergent extraction Western blotting data show that active Tyk2 in NRK cells decreased the detergent-insoluble fraction of Cx43 ( Fig. 5A ). Quantification of the data revealed that the control insoluble to insoluble ϩ soluble ratio (I/(S ϩ I)) was 67.1 Ϯ 6.0%. However, the number of assembled gap junctions significantly decreased to 19.5 Ϯ 0.9% in the presence of active Tyk2. The decreased amount of Cx43 in junctional plaques was corroborated by a biotinylation assay, which detected a significant decrease in the amount of Cx43 at the plasma membrane ( Fig. 5B ).
Interplay between Src and Tyk2 in the Regulation of Cx43-Murakami et al. (61) observed that v-Src-transfected cells indirectly cause constitutive activation of Tyk2 and STAT3. Therefore, a modified NRK cell line containing a temperaturesensitive v-Src (called LA-25), commonly used in the gap junction field to characterize Cx43 regulation by v-Src (51, 57) , was used to study the effect of Tyk2 on Cx43 tyrosine phosphorylation levels upon Src activation. v-Src is active in this cell line at the permissive temperature (35°C) and not at the non-permissive temperature (40°C). Of note, temperature alone does not affect gap junction communication in NRK or LA-25 cells (58), and Tyk2 is endogenously expressed in LA-25 cells. Initially, Western blotting data confirmed that active v-Src at 35°C resulted in the activation of endogenous Tyk2 (Fig. 6A ). Immunostaining data then indicated that after 4 h of v-Src activation, endogenous Tyk2 colocalized with Cx43 at the plasma membrane ( Fig. 6B ). After 12 h, there was a decrease in the level of Cx43 and Tyk2 colocalization as well as the amount of Cx43 at the plasma membrane. These results are similar to the overexpression of active Tyk2 in the NRK cells ( Fig. 3 ). Next, Tyk2 siRNA was transfected into the LA-25 cells (35°C) to differentiate the effect of v-Src and Tyk2 on direct and indirect phosphorylation of Cx43 ( Fig. 7 ). Tyk2 siRNA significantly reduced the level of active Tyk2 (Ͼ75%). Equally important, the Tyk2 siRNA did not affect the level of active v-Src. Knockdown of Tyk2 in the presence of active v-Src significantly decreased the level of Tyr-247 and Tyr-265 phosphorylation as compared with control (scramble siRNA). Indirect serine phosphorylation was also affected by the knockdown of Tyk2. Although pSer-279/pSer-282 phosphorylation was reduced by ϳ50%, phosphorylation of pSer-368 was reduced by almost ϳ75% in the absence of Tyk2. Finally, the knockdown of Tyk2 led to a decrease in the total level of Cx43. Altogether, the data indicate that similarities exist in the residues affected by Src or Tyk2, but differences exist in the level of phosphorylation at each site and the overall amount of protein.
Tyk2 Increases Total Cx43 Protein Level through the STAT3 Pathway-In both the NRK and LA-25 cells, active Tyk2 caused an increase in the total protein level of Cx43. To determine the mechanism for this effect, cycloheximide was used to compare 
Tyk2 Phosphorylates Cx43
the turnover rate of Cx43 with or without Tyk2 (Fig. 8 ). Western blotting analysis of Cx43 from NRK cells revealed that active Tyk2 increased the Cx43 turnover. The data suggest that the increased protein level of Cx43 is not a result of direct tyrosine or indirect serine phosphorylation. Next, RT-PCR from the cell lysate of NRK cells transfected with active Tyk2 was used to JULY 22, 2016 • VOLUME 291 • NUMBER 30
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determine if active Tyk2 indirectly affects the level of Cx43 mRNA. Using different numbers of RT-PCR cycles, the data revealed that active Tyk2 caused an increase in the level of Cx43 mRNA (Fig. 9A ). Actin was used as a loading control. Because Tyk2 activates the STAT signaling pathway, we tested whether this is the mechanism that leads to increased mRNA and protein levels. Experiments performed using NRK cells incubated with the STAT1/3/5 inhibitor nifuroxazide or the STAT3/5 inhibitor SH-4-54 eliminated the effect of active Tyk2 increasing Cx43 mRNA ( Fig. 9B ) and protein levels (Fig. 10A ). Based upon NRK cells expressing a very small amount of STAT1 and no STAT5 (Fig. 10B) , the data strongly indicate that Tyk2 activation of STAT3 is responsible for the increased Cx43 mRNA and subsequent increased protein levels.
Tyk2 Mediates Ang II Regulation of Cx43-Dysregulation of RAS affects many aspects of the cardiovascular system (35, 36, 47, 48) . RAS activation also decreases Cx43 GJIC and changes cellular localization (43, 44) . Based upon the involvement of Tyk2 in RAS signaling via angiotensin II receptor 1, we tested whether the changes observed for Cx43 were caused by Tyk2. Western blotting analysis was used to investigate wild-type (WT) Tyk2-transfected NRK cells treated with Ang II (Fig. 11 ). (Tyk2 V678F ) construct were treated with 100 g/ml cycloheximide for different durations prior to lysis. Total Cx43 protein was immunoblotted. C, the protein level of three independent experiments was quantified using ImageJ software and normalized to the protein level at 0 h. Interestingly, although the presence of Tyk2 or Ang II alone caused an increase in the level of total Cx43, which was further increased in the company of both, the presence of Tyk2 but not Ang II caused an increase in the lower migrating P0 and P1 isoforms of Cx43.
Tyk2 Phosphorylates Cx43
Phosphorylation of Cx43 Residue Tyr-247 Prevents the Binding of Tubulin-Previous studies have identified that Cx43 phosphorylation can inhibit the interaction with the ZO-1 PDZ-2 domain (pSer-373 (9)) or enhance the interaction with the Nedd4 WW2 domain (pSer-279/pSer-282 (12)). Additionally, a Cx43 phosphopeptide (pTyr-247) was not able to interact with purified tubulin in vitro (8) . Because the pTyr-247 level was significantly increased by Tyk2 in the cells (Figs. 4 and 11) , a biotin-tagged Cx43 pTyr-247-phosphorylated peptide or non-phosphorylated (Lys-234 -Ser-255) version was used in a pulldown assay to assess the interaction with ␤-tubulin in NRK cell lysate (Fig. 12) . The data indicate that Tyk2 phosphorylation of Tyr-247 would inhibit the interaction with ␤-tubulin.
Discussion
Up until now, Src has been the only non-receptor tyrosine kinase to directly phosphorylate Cx43 leading to an inhibition of GJIC and subsequent gap junction disassembly (59, 60) . In this study, we identified another tyrosine kinase, Tyk2, which can directly phosphorylate Cx43 on residues Tyr-247 and Tyr-265 and lead to indirect phosphorylation on residues Ser-368 and Ser-279/Ser-282. Although this phosphorylation pattern is similar to what has been observed following Src activation (51), importantly, the response caused by Tyk2 (e.g. overexpression of the constitutively active version) occurred when Src was inactive in NRK cells. This indicates that different signaling pathways can lead to the same regulation of Cx43 gap junctions. Unexpectedly, when v-Src was activated in the LA-25 cells at the permissive temperature, Tyk2 was activated as well. This observation is not unique to the LA-25 cells, as constitutive activation of Tyk2 has been observed in a human gallbladder 
Tyk2 Phosphorylates Cx43
adenocarcinoma cell line transfected with v-Src (61) . A significant decrease in the phosphorylation of Cx43 residues Tyr-247, Tyr-265, and Ser-279/Ser-282, and especially Ser-368 (75% decrease), was observed in the LA-25 cells at the permissive temperature when the expression of Tyk2 was knocked down. The data suggest that although activation of Tyk2 and v-Src lead to phosphorylation of the same Cx43CT residues, they are not identical in level at each site. Additionally, the data would suggest that activation of both Tyk2 and v-Src works together to amplify the phosphorylation response on Cx43. Differences in the level of phosphorylation between Tyk2 and Src can be explained from the knowledge that the Tyk2 SH2 domain does not need a phosphate to interact with its substrate, combined with the absence of an SH3 domain (62) .
A consistent observation from the immunofluorescence experiments was that prolonged activation of Tyk2 led to a near complete removal of Cx43 from the plasma membrane. Saidi Brikci-Nigassa et al. (8) showed that a Cx43CT phosphopeptide (pTyr-247) does not interact with purified tubulin. We used a biotinylated Cx43CT control (Lys-234 -Ser-255) and phosphopeptide (pTyr-247) in a pulldown assay using NRK cell lysate to show that phosphorylation inhibits the Cx43CT/␤-tubulin interaction. Increased levels of pTyr-247 by Tyk2 (or Src) would block the Cx43 interaction with tubulin (8) . At the gap junction plaque, this may be a mechanism in the disassembly process; at the trans-Golgi network, this may reroute trafficking to the plasma membrane (e.g. lateral membrane versus intercalated disc) or inhibit trafficking to the plasma membrane, leading to increased intracellular proteasomal and/or lysosomal degradation (63) . Other mechanisms that would contribute to the lack of Cx43 at the plasma membrane include phosphorylation of residues Ser-279/Ser-282 (MAPK) and Ser-368 (PKC). Phosphorylation of Ser-279/Ser-282 increases the binding affinity by 2-fold for the WW2 domain from the ubiquitin ligase Nedd4, leading to Cx43 gap junction degradation (12, 13, 64) . Activation of PKC can halt the assembly of new gap junctions, and phosphorylation on Ser-368 has been implicated in affecting gating and/or disassembly (65) (66) (67) . Of note, although not investigated in this study, Src activation also leads to phosphorylation of Cx43 on Ser-373 by Akt (68) . The importance of phosphorylation on this site is that the interaction with ZO-1 is inhibited, transitioning Cx43 from the non-junctional plasma membrane into the gap junction plaque and then through the degradation pathway(s). Less clear is the functional role of phosphorylation on Tyr-265. One possibility is that the Src SH3 domain interaction with Cx43 residues Ala-276 -Pro-280 positions the Src kinase domain to phosphorylate Tyr-265, forming a SH2 binding domain (45) . The next step would be for the Src SH2 binding domain to interact with pTyr-265 and place the Src kinase domain within distance to phosphorylate Tyr-247. This potential mechanism would explain why pTyr-265 appears here and in other studies to label a larger population of plaques than pTyr-247 (51) . Another function of Tyr-265 is to form part of a tyrosine-based sorting motif (YXX⌽, where Y is tyrosine, X is any amino acid, and ⌽ is a bulky hydrophobic amino acid), which enables an interaction with the subunit of the heterotetrameric adaptor protein complex AP-2 to mediate clathrin-dependent internalization of Cx43. However, the abil-ity of this tyrosine residue to bind AP2 is negatively influenced by tyrosine phosphorylation. For example, phosphorylation of GluN2B residue Tyr-1472 within the YEKL tyrosine-based sorting signal motif by Fyn inhibits AP2 binding and the internalization of GluN2B-containing NMDA-type glutamate receptors (69) . Similarly, phosphorylation of GluN2A by Src inhibits endocytosis of GluN2A-containing NMDA-type glutamate receptors (70, 71) .
One difference observed in our studies, and those of others, performed in vitro as compared with in vivo is the effect of Ang II on Cx43 protein level. We identified that activation of Tyk2 by Ang II in vitro causes an increase in Cx43 protein level via the STAT3 pathway. Other in vitro examples of an increase in Cx43 protein level include exposing freshly isolated aortas of wildtype mice to Ang II for 4 h and the aorta smooth muscle cell line A7r5 to Ang II from 2 to 48 h (maximum expression was observed at 4 h and was maintained to the last time point of 48 h) (72, 73) . Conversely, chronic exposure of Ang II in animal models shows a decrease in the protein level of Cx43. This was seen in the atria and ventricles of the transgenic mouse model of cardiac-restricted overexpression of ACE (ACE8/8) described above (40) and in the double transgenic rat, which harbors the human renin and angiotensinogen genes (dTGR) (74) . Although the length of Ang II exposure (acute versus chronic) and experimental conditions (in vitro and in vivo) are important factors when interpreting the protein level of Cx43, the combined data can be explained from the study of Kostin et al. (75) . Cx43 expression was increased in the compensated hypertrophic stage from the left ventricles of pressure-overloaded human hearts with valvular aortic stenosis but decreased and heterogeneously distributed throughout the ventricles in the decompensated stage (75) .
We identified that the effect Tyk2 elicited on the Cx43 protein level in NRK cells was mediated through the activation of STAT3. However, this increase did not correlate with increased GJIC, as Cx43 was not localized to the plasma membrane. Evidence that STAT3 directly increases the transcriptional activity of Cx43 was provided by Ozog et al. (76) . Three putative ciliary neurotrophic factor-response elements (binding sites for STAT3 dimers that contain base sequences TTCCN3-5AA) were identified in the promoter region of the mouse Cx43 gene (located at regions Ϫ1510, Ϫ1179, and Ϫ893) as essential for enhanced Cx43 expression. Interestingly, STAT3 activation also leads to down-regulation of E-cadherin (77). One mechanism for the decreased gap junction assembly may be explained by the observation that expression of E-cadherin is necessary to enable the assembly of Cx43 into gap junctions (78) .
In conclusion, the phosphorylation of Cx43 at different sites controls gap junction assembly, size, gating, and turnover. Our understanding of these mechanisms has been aided by the identification of the kinases involved and the exact location of their phosphorylation on the Cx43CT domain. Through the use of MS and phospho-specific antibodies, patterns of phosphorylation have been correlated with different cellular conditions (51, 79) . For example, Solan and Lampe (6) put forth the notion that differential coordination of kinase activation and Cx43 phosphorylation control the specific routes of disassembly. Their model describes the interplay between CK1, PKA, Akt, MAPK, PKC, and Src, each of which phosphorylates a distinct set of Cx43 residues. Here we identified that more than one kinase can directly phosphorylate the same Cx43CT residues. In addition, Tyk2 and Src alone caused a differential level of phosphorylation at each residue (directly or indirectly), with the maximum level detected when both were active. These data suggest an additional layer of complexity that may need to be considered when describing the full impact of phosphorylation on Cx43 regulation. Future studies need to examine whether Tyk2 and Src always work together to decrease Cx43 gap junction communication; and if not, what are the cellular conditions in which they work independently, and does this differentially affect gap junction communication?
Experimental Procedures
Cell Culture-NRK and LA-25 cells (NRK cells contain temperature-sensitive v-Src) were generous gifts from Dr. Paul Lampe (Fred Hutchinson Cancer Research Center). The MDA-MB-231 cell line was from Dr. Melissa Teoh-Fitzgerald (University of Nebraska Medical Center). All cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Hyclone, Thermo Fisher Scientific Inc.) supplemented with 10% fetal bovine serum (FBS) (Hyclone, Thermo Fisher Scientific Inc.) and antibiotics in an atmosphere of humidified 5% CO 2 .
Antibody and Immunostaining-The following antibodies were used in this study: Cx43 monoclonal antibodies against amino acids 360 -382 (Cx43CT1 and Cx43IF1, as described (80, 81) ); Cx43 polyclonal antibody (C6219, Sigma-Aldrich); anti-Cx43-phosphorylated Tyr-247, anti-phosphorylated Tyr-265, and anti-phosphorylated Ser-279/Ser-282 (51) (all generous gifts from Dr. Paul Lampe, Fred Hutchinson Cancer Research Center); anti-Cx43-phosphorylated Ser-368 (Millipore); nonspecific phosphotyrosine antibody (pTyr-100, Cell Signaling Technology); anti-Tyk2 (Santa Cruz Biotechnology) and antiactive Tyk2 (phosphorylated 1054/1055); anti-tubulin ␤ (Sigma); antibodies against total and active Src (phosphorylated Tyr-416, Millipore); and STAT antibodies sampler kit (catalog number 9939, Cell Signaling Technology). Cells were immunostained as described previously (82) . Briefly, cells grown on coverslips to ϳ60% confluence were fixed with 3.7% paraformaldehyde for 10 min. Cells were blocked for 30 min at room temperature by MPS buffer (1ϫ PBS, 1% goat serum) containing 0.2% Triton X-100 for permeabilization. Then, cells were immunostained with the appropriate primary antibodies at room temperature for 1 h followed by several PBS-0.5% Tween washes. Secondary antibodies (Alexa 594-conjugated goat anti-rabbit antibody and/or Alexa 488conjugated goat anti-mouse antibody) were applied for 1 h at room temperature. Images of immunostained cells were acquired with a Zeiss 510 Meta confocal laser-scanning microscope using a 63 ϫ 1.4 numerical aperture objective with appropriate filters. Colocalization was quantified using the Manders method in ImageJ (83) .
In Vitro Kinase Assay-Rat Cx43CT-(236 -382) was expressed and purified as described previously (84) . An in vitro kinase screen was performed by Eurofins Scientific using the purified protein. The catalytic domain of JAK1 (residues 866 -1154), JAK2 (residues 808 -1132), and Tyk2 (residues 875-1187) were used to phosphorylate the Cx43CT. A positive control was used for each kinase (JAK1, GEEPLYWSFPAKKK; JAK2, KTFCGTPEYLAPEVRREPRILSEEEQEMFRDFDY-IADWC; and Tyk2, GGMEDIYFEFMGGKKK). Controls and Cx43CT were incubated with the tyrosine kinase and [␥-33 P]ATP for 40 min at 30°C and then transferred to P30 Filtermat for substrate capture. Assays were performed in duplicate, and acid blanks were used as a negative control. The level of phosphorylation for each sample was determined using a Merck Millipore radiometric assay.
Mass Spectrometry-Purified rat Cx43CT 236 -382 (12.5 nmol) was incubated with 1.5 g of Tyk2 (amino acids 833-1187, ThermoFisher Scientific) and 500 M ATP at 30°C for 15 h. In the control group, the volume of Tyk2 was substituted by reaction buffer (25 mM HEPES (pH 7.5), 10 mM MgCl 2 , 0.5 mM EGTA, and 0.005% Brij-35). The reaction was stopped on ice, and 1 nmol of protein was run on an SDS-PAGE and Westernblotted using a phosphotyrosine antibody. 10 nmol of protein was run on an SDS-PAGE and stained with Coomassie. The Cx43CT band was cut and sent to the Beth Israel Deaconess Medical Center mass spectrometry facility for analysis (85) .
GST Pulldown Assay-The GST pulldown assay was modified from (13) . Briefly, purified GST-Cx43CT fusion and GST control proteins were bound to glutathione-Sepharose beads in buffer containing 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.5% Triton X-100, and Complete protease inhibitor (Roche). 4 mg of MDA-MB-231 or LA-25 cell lysate protein (in cell lysis buffer containing 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 2 mM EDTA, PhosSTOP (Roche), and Complete protease inhibitor) was incubated with GST-Cx43CT fusion or the GST control for 6 h at 4°C on a rotating wheel. Beads were washed five times with cell lysis buffer, and the bound proteins were eluted with SDS-PAGE sample buffer and analyzed by Western blotting analysis.
Co-immunoprecipitation-NRK or LA-25 cells were lysed in Complete lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% sodium deoxycholate, 0.5% Triton X-100, 5 mM NaF, and Complete protease inhibitor), maintained on ice for 30 min, precleared with protein G beads for 30 min at 4°C, and then spun at 12,000 rpm for 15 min. Total protein was assessed using the bicinchoninic acid (BCA) protein assay kit (Pierce). 2 mg of lysate was incubated with 2 g of Cx43 polyclonal or rabbit IgG (4 h at 4°C) and then incubated with 100 l of protein G-Sepharose (GE Healthcare) overnight at 4°C. The Sepharose was washed four times with cold lysis buffer, and the co-immunoprecipitation product was analyzed by SDS-PAGE and Western blotting analysis.
When detecting the tyrosine phosphorylation levels, 5 mM Na 3 VO 4 was added in the blocking and primary antibody buffer to minimize the loss of phosphorylation. Western blotting data were scanned and quantified using ImageJ software as described elsewhere (86) .
Tyk2 siRNA Treatment-Tyk2 siRNA (Invitrogen) was used to knock down Tyk2 expression in LA-25 cells. Oligonucleotide from the non-target pool (Dharmacon) was used as the negative control. Lipofectmine RNAiMAX (Invitrogen) was used to carry the oligonucleotide according to manufacturer's protocol. Cells were treated with Tyk2 siRNA for 36 h and then incubated at 35°C for another 12 h. Protein levels were detected by Western blotting analysis.
Cycloheximide Treatment and Cx43 Degradation-Cells seeded equally on 60-mm dishes were grown for 24 h to 70 -80% confluency before transfection. 24 h post-tranfection, cells were treated with 100 g/ml cycloheximide (Cell Signaling Technology) for up to 10 h to inhibit protein synthesis. Cells were then scraped off at each time point and lysed for Cx43 immunoblotting. ␤-Actin was also blotted for quantification.
Triton X-100 Solubility-The Triton X-100 solubility assay was modified from the method described by Mitra et al. (87) . NRK cells grown in 10-cm dishes were rinsed three times with PBS and scraped into 1 ml of lysis buffer (50 mM Tris-HCl (pH 7.4), 1 mM EGTA, 1 mM EDTA, 1 mM PMSF, 100 mM NaCl, PhosSTOP, and Complete protease inhibitor). Then, the cells were sonicated for 10 s on ice. Protein estimation was determined using the BCA method. 450 l of cell lysate samples was added to 50 l of 10% SDS, which was saved as total protein, or to 10% Triton X-100 (final concentration of 1%) and incubated at 4°C for 30 min. Lysates were then separated into cytosolic (supernatant, soluble) and membrane (pellet, insoluble) fractions by centrifugation at 100,000 ϫ g for 1 h at 4°C. The pellets were dissolved in 500 l of dissolving buffer (70 mM Tris-HCl (pH 6.8), 8 M urea, 2.5% SDS, 0.1 M DTT, 5 mM NaF, 5 mM Na 3 VO 4 , and Complete protease inhibitor). Equal volumes of total lysate, Triton X-100, and the soluble and insoluble portions were loaded on a 10% SDS-PAGE and immunoblotted with the Cx43 polyclonal antibody.
Surface Biotinylation Assay-Surface biotinylation assay followed the method described by Johnson et al. (88) . Briefly, cells were seeded in 60-mm dishes in replicate and grown to 70 -80% confluence. 24 h after transfection, cells were washed once with PBS, and then 5 ml of ice cold DMEM plus HEPES buffer (pH 7.4, final concentration 30 mM) was added for 10 min at 4°C. The cells were washed twice with cold PBS-Plus (PBS with 1 mM CaCl 2 and 1 mM MgCl 2 ). The biotinylation reaction was performed at 4°C using freshly prepared EZ-LinkSulfo-NHS-SS-biotin reagent (Pierce) at 0.5 mg/ml in PBS-Plus for 30 min. The reaction was terminated by adding PBS-Plus containing 20 mM glycine. Cells were lysed in lysis buffer (25 mM Tris-HCl (pH 7.5), 0.05% SDS, 20 mM glycine, and Complete protease inhibitor) with homogenization by passage through a 25-gauge needle. 500 g of total protein was incubated with 100 l of streptavidin-agarose beads (Pierce) on a rotator overnight at 4°C. The beads were then washed six times, and the streptavidin-bound biotinylated proteins were eluted and resolved by SDS-PAGE followed by Western blotting analysis.
Biotin Peptide Pulldown Assay-Biotin-tagged phosphorylated (Tyr-247) and non-phosphorylated Cx43CT-(234 -255) peptides (LifeTein) were bound to streptavidin-agarose resin (GenScript) in PBS. NRK cells were lysed in HEPES lysis buffer (50 mM HEPES, 150 mM NaCl, 0.25% Triton X-100, 2 mM PMSF, 10 mM EDTA, 50 mM NaF, 5 mM Na 3 VO 4 , and PhosS-TOP and Complete tablets (pH 7.4)), and total protein concentration was assessed using the BCA protein assay. A total of 2.5 mg of protein lysate was incubated with each of the resin-bound peptides overnight at 4°C. Beads were washed three times with PBS before analyzing the pulldown products by SDS-PAGE and Western blotting analysis.
Semiquantitative RT-PCR-Semiquantitative RT-PCR was modified from the method described by Marone et al. (89) . Briefly, NRK cells grown in 35-mm dishes were transfected with Tyk2 V678F and pretreated with the inhibitor nifuroxazide (50 M, Millipore) or SH-4 -54 (5 M, Millipore). RNA extractions were carried out with the RNeasy mini kit (Qiagen) according to the manufacturer's protocol. RT was performed with a Pro-toScript cDNA synthesis kit (New England Biolabs). The following primers were used: Cx43, 5Ј-AGCCTCCAAGGAGTT-CCA-3Ј and 5Ј-AGAGCACTGACAGCCACA-3Ј; and ␤-actin, 5Ј-CACCCGCGAGTACAACCTTC-3Ј and 5Ј-CCCATACC-CACCATCACACC-3Ј. Cx43 yielded an amplification product of 160 bp and ␤-actin of 207 bp. DreamTaq Green PCR Master Mix (Thermo Fisher Scientific) was used for PCR amplification. To find out the exponential phase of amplification, different PCR cycles from 16 to 30 were tested. Each set of reaction included a no-sample negative control.
Statistical Analysis-All data were analyzed using GraphPad Prism 5.0 and presented as the mean Ϯ S.E. A paired t test was used to compare differences between the experimental group and control or the two parallel experimental groups. p Ͻ 0.05 was considered to be statistically significant.
